Abstract ~ The addition of thiols to the carbonyl group illustrates most of the range of mecha_nisms of general acid~b!lese c;atalysis that are available for reactions of carbonyl an(l-acyl groups. Strongly basic thiol anions add without signi'ficant acid catalysis to form-an anionic intermediate r~, which abstracts a proton from water to:give the hemi~ thioacetal in a subsequent fast step. Methyl mercaptoacetate anion generates a less stable intermediate, r~, and exhibits catalysis through trapping by rate~determining stepwise protonation.of this tntermediate. Less basic thiol anions exhibit general acid cataly~is by· hydrogen bond~ ing of HA to the carbonyl oxygen atom in the transition state, which becomes significant largely because of the short l.ifetime of the inter.,. mediate. General acid catalysis of the addition of RSH may represent . concerted catalysis that ~s enforcedby the nonexistence of the "inter~ mediate" r±.
Several aspects of our present understanding of the mechanism of catalysis of carbonyl and acyl group reactions may be illustrated by a consideration of the. reversible addition of thiols to aldehydes and ketones (eq. 1). Reactions involving the thiol anion as the RSH + 'c=O ~ RStOH / I (1) attacking (or leaving) nucleophile are relatively simple because only a single proton trans~ fer is required to form the stable product and the site of catalysis -is unambiguous, i.e. proton transfer to and from the carbonyl oxygen atom. Similar mechanisms' of catalysis are presumably involved in more complex reactions of other carbonyl and acyl coinpounds that commonly involve two bond forming or breaking steps of heavy atoms and two or more proton transfers.
The situation until recently was the following. (a) Basic thiol a~fions were known to attack the carbonyl group without detectable acid catalysis and with a very small dependence of the rate on the basicity of the thiol (1) . The absence of detectable acid catalysis is typical for the attack of basic, strong nucleophiles and indicates that stabilization of the transi~ tion state by acids through hydrogen bonding or other mechanisms is of little or no signifi~ cance in these reactions. (b) However, the addition of less basic anions of thiophenals ano thioacetic acid had been shown to exhibit general acid catalysis with a Br-nsted slope a of approximately 0.2; this is equivalent, in the reverse direction, to general base catalysis of hemithioacetal breakdown with a B~nsted ß value of 0.8 (2) . It was suggested that the mechanism of this catalysis was, in some sense, "concerted" with significant perturbation of the proton in the transition.state, as opposed to a stepwise mechanism involving rate~determining protonation of an initially formed anionic addition compound, r~ (ka• eq. 2). (c) The rate of the reverse, breakdown reaction catalyzed by hydroxide ion
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was known to apprQach the diffusi~n con~ro11 ed 11!ßit {2).
Although the rate constants for catalysis of the breakdown reaction by general bases do not. follow the "Eigen curve" th·at would be expected if pl"oton transfer were rate determining with these catalysts {3), the absolute values of the rate constants are close to those that would be expected for th~ proton transfer step. k.a• The rate constants ka and k_a may be cJlcu-1 lated from the est1mated pKa of the hemithioacetal (see Note a) and a value of ka = 10~ M-lsfor the protonation of r-by a relatively strong acid (3). The rate constant kh for protonation of r-by water may·be estimated from the pKa in a similar manner. assumfng that the reyerse refction of the hemithioacetal w.ith hydroxide ion is diffusion con.trolled with Lh = 1010 M-ls- (2) . Such calculations showed that the rate of protonation of r-by water was not fast enough to keep up wfth the known rate of formatfort of r-by the attack of.methyl mercaptoacetate anion on·acetaldehyde in the absence of added catalysts. In other words, some of the molecules of T-that are formed from the attack of RS-on acetaldehyde return to reactants {k.l) before they are protonated by water {kh). The e~timyted values of k-1 and kh for the methyl mercaptoacetate reaction were similar. 2 x 100 s-and 2.5. x 108 s-l. respectively. In th1s.s1tuation the rate of product formation must be increasf!!d by the additfon of buffer ac1ds to the solution. because protonation of T":"bY these acids provides an additional pathway for the proton transfer ·step and prevents the reversion of r-to starting materials. It was predfcted that the rate would tncrease with increasing concentration of added acidcatalyst until all of the ~lecules of r-that are formed are trapped by protonation (ka [HA] ) and would then level off at the rate of the addition reaction. k1.
This behavior was observed upon t~e addition of a number of different buffer acids to the reaction mixture and provides unequivocal evidence for a change in rate-determining step with increasing buffer concentration and. henc-e.·a reaction ritechanism for methyl mercaptoacetate that involves at least two steps and an iritermediate. For a simple reaction of this kind. these steps must almost certainly be the attack ofthe thf,ol anion (kJ) and protonation of the intermediate (kalHAl and kh). The values of k_l and kh may be calculated from the observed rate constants. assuming a value of ky =,= 109 M-ls-1. and the resulting values of k_ 1 = 1.3 x lOB s~l and kh • 5 x loS s~l are c ose to the predicted values. The values of kHA for acid catalysfs cannot be determined accurately because of the small and nonlinear increase in rate caused by the change in rate-determining step. but the results do showthat (a) the catalytic effectiveriess of acidswith pKa values in the range 2 to 9 is the same within experimental error. (b) the proton 1s more effective than other catalysts. and (c) weaker acids. of pK 10 to 12. are less effective than other acids. This is the behavior expected for a simple stepwfse proton transfer reaction and the approximate catalytic constants follow the nonlinear "Eigen curve" that is expected for such a proton transfer. with a break point at ApK =·o. close to the estimated pKa of the hemithioacetal product ( Fig. 1 ,
........ Reaction coordinate diagrams for (a)· rate.,.determining nucleophi11c attack with basic thiol anions, {b) nucleophilic attack aod proton transfer both partially rate determining in water and a change to rate-determining nucleophilic attack in the presence of added acfd, and (c) rate-determining protonatfon of r-th.at gives rise to general acid catalysis by trapping.
(k_l) and products (kb} are s1milar so that both the k] and kh steps are partially rate determ1ning. The add'lt1on .of acidprovieles an additional, lower energy pathway for the proton transfer step.(ka) so that the rate increises unt11 the effective barrier for the proton transfer is decreasedand k1 becomes fully rate determining •. A more bas1c th1ol anion, such as Ets-, .1s a poorer leaving group Ck-1 is smaller) so that kl is always rate determining and no catalysis by trapping is observed (Fig. 2a) . A less basic thiol anion, such as p-CHJOPhs-. 1sa better leavfng group (k.:.l is larger) so that the,proton transfer step, kh• is always rate determ1n1ng (Fig. 2c ) and the observed rate increases linearly with increasing concentration of acid catalyst.
For moderately streng acids, such as acetic acid. the rate-determining step of the proton transfer is the diffusion-controlled encounter of the acid arid r-. with the rate constant ka ( eq. 2 and. Scheme I). However, there i s another pathway to the speefes r-·HA that . If the transition state for .the rate-determining k 1 ' step is sufficiently basic that it forms a.s.tronger hydrogen bOndto HA than to water, tllis pathway will be stab1Uzed by such hydrogen.bonding •. If this hydrogen bonding is strong enough; buffer acidswill stabilize kr' relative to k] and catalys1s byhydrogen bonding will always be importarit. We know that this is not the case.for the. addition of basic thiol anions and other strong nucleophiles because littleor no acid catalysis is observed when nucleophilic attack is rate determining. On the other hand, ilcid catalysis is significant for the attack of weakly basic th1ol a.nions and exhibits a Br,nsted es value öT 0.2. This Br,nsted slope is .1nconsisterit with the value of a "' 0 ,that is expected for d1ffusion-controlled trapp1ng .by moderately strong ac1ds, but 1s in the expected range for stab111za-tion by hydrogen bond1ng. ·
Advantages of the h.Ydrogen•bonding mechan1sm, In order to understand why catalysis by hydrogenbooding is more 1mportant w1th weakly ba.sic than w1th strongly bas1c thfol anions, we must examine the effect of the stability of the addition intermediate on the relative importance of different reaction pathways. As the intermediate becomes progressively rnore unstable;, catalysis by hydrogen bonding be_eonies progre$S1vely more important. We will consider (a) t'Q.e ratio of the observed rate constant, kHA', for catalysis through the k1' pathway to.the rate constant for the uncatalyzed or "water" reaction, {b) the ratio kHA'IkH4for catalysfsby hydrogen bonding and by trapping, and {c) changes in the Br,Jnsted coeffic1ent a.
· . .
(a) In order for catalysis by hydrogenbonding. tobe significant with strongly basicnucleophfles, for which k] is rate detennining, the transition state for the hydrogen bonding pathway (kl') must lle of comparable or lower eriergy than that for k1. This is evidently not the case for basi~ thiol anions. However, with less basic thiols the rate-detennining step is trapp1ng through kh (eq. 2, kHOH = klkh/k. 1 ), so that the hydrogen bon4ing pathway only has to be of lower energy than the transition state for the kb step in order to be sigriificant. Since the hydrogen bonding mechanism is expected to maintain approximately the same energy relative to k1, but the observed rate constant kHOH is now smaller than k1 by the · factor kh/k.t• the hydrogen-bonding mechanism will become relatively more important. This additional advantage, by the factor k_ 1 /kh• is.' the principal reasori why catalysis by hydrogen bonding is more likely to be observed with weak nucleophiles that are easily expelled from the addition 1ntennediate {large k_l).
{b) The factors. that detennine the relative importance of the pathways for acid catalysis by trapping {kHA) and by hydrogen bonding through the kl' pathway {kHA') may be illustrated by the reaction coordinate diagram of Fig. 3 . . ~ (i) .Cons der first a reaetion in which there is no stabilization of the transition state of the k 1 • -k_ 1 • step by hydrogen bonding to ·HA {a = 0). This pathway {lower solid line, Fig. 3 ) will still be preferred to the trapping mechanism {upper line) when the intermediate r-·HA breaksdown faster {k.l') than HA can diffuse away from it (La). This pre-association or "spectatoru mechanism {4-6) is useful because it generates the intennediate T··HA, which is inmediately trapped by an ultrafast proton transfer, by a pathway that avotds the d:iffusion-controlled step ka -k-a· The relative importance of the diffusion-controlled· and pre-association pathways .is given:by the ratio k.:.1/k-a {in the absence of stabilization by hydrogen bonding, k-1' = k.]).
(ii) If there is stabilization of the transition state of the k 1 ' -k-1' .step by hydrogen bonding {dashedline, Fig. 3 ) this stabflization is.expected to increase with increasing acidity o. f HA, followin9 a BrrJnsted coefficient a. This additional advantage is given by antilog a (15.74-Pl<tiA> and represents the increase in the ratio k. 1 '/k_a when the acid that is hydrogen bonded to the transition state is changed from water to HA. Sirice k_a and k_ 1 • are both first order constants for reactions of r-·HA, thts ratfo is:dimensionless and there is no ambiguity regarding standard states. For an a value of 0.2 and an acid of pK 4. 7, the advantage from hydrogen bondi ng i s by the factor antfl og 2. 2 = 160. The va 1 ue of a,. and hence the advantage from hydr.ogen bonding, is expected to increase with increasing basicity of the transttion·state and will follow soßte relationship such as that proposed by · Hine (7). Thus, the .relative importance of the stepwise trapping mechanism, kHA> and the hydrogen bonding mechanism, k 1 , is determined by (i) the hydrogen bond-independent factor k.1/k.a and (ii) the additio~~l stabilization from hydrogen bonding (eq. 3). The relative energies of (3) the two pathways are shown by the upper solid line and the dashed line in Fig; 3. A numerical example may clarify these points. Suppose that the basicity of a transition state for nucleophilic attack is suchthat a = 0.1 for stabflifation by hydrogen bondiny and kh for trapping of the intermediate by water is 2 x.1o8 s· • Then, if k.1 = 107 s· or less,attack of the nucleophile (kl) is rate determining and the observed ratio of kHA 1 (c) Still another factor that may increase' the importance of hydrogen-band catalysis with weak nucleophiles is a "HaßiiiOnd Postulate" type effect that leads to an increase in the Brtlnsted slopea. With weak nucleophiles the transition state for nucleophilic attack may be reached later along the reaction coordinate and develop a larger negative charge and · basicity on the carbonyl oxygen atom. This will lead to an increase in the Br~nsted a coefficient wfth a resulting increase in catalysis by moderately strong acids relative to water.
The shapes of some Br~nsted curves for general acid catalysis that ·would be expected from · these considerations are shown in Fig. 4 . An "Eigen curve" for rate-determining trapping by proton transfer is shown in Fig. 4A , with the arrow 1ndicating the break point at ·· · ~pK .. 0. A pre-association mechan1sm w1th no stabilizatfon by hydrogen bonding (Fig. 48) shows a break point at a lower pK value (6) . Areaction in which catalysis by hydrogen bonding is facilitated by the short lifetime of the addition intermediate (Fig. 40) exhibits a Br~nsted slope >0. but breaks to a steeper slope withweakacids as the'proton transfer 1tself becomes rate determining. It is this break and the relatively small rate constant for water (kHOH = khkl/k.;l) that makes catalysis so significant experimentally •. With a longer lifettme of the interrilediate there is less facilitation of hydrogen-band catalysis and this mechan'l$m becomes 1mportant only for the strenger •ac1ds. so that there 1s an additional · break in. the BrJ §nsted curve (Fig. 4C) . · Although it is diffieult todetennine k. 1 for the expulsion of thiol anions from r-direetly, this rate eonstant ean be estimated from, the pK and the observed rate eonstants for,the breakdown of hemithioaeetals of basie thiols. For expulsion of the anions of ethanethiol, methoxyethanethiol and methyl mereaptoaeetate from I the values of k-1 are 1.6 xl07 s· , 4.7 x 107 s·l, and 1.3 x 108 s-1, respeetively. The rate eonstants inerease with deereasing basicity of the leaving group and extrapolation to the pK values .of 6.5 and 2.7 for p-methoxythiophenol and pentafluorothiophenol gives values of k.;.J = "'109 s·l and 1010-10 11 s-1, respeetively, well into the range ·in whieh eatalysis by hydro,gen bonding should be faeilitated, The Brtlnsted plot for general aeid catalysis of the pentafluorothiophenol reaetion (eurve C, Fig. l ) exhibits a slope of a = 0.26 and suggests that faeilitated hydrogen bonding is the predominant mechanism of eatalysis for this compound, in aecord with the large value of k_ 1 • 1he Brtlnsted plot for the p.;methoxythiophenol reaetion (eurve B, Fig; 1 ) is elearly different from that for pentafluorothiOphenol and is similar to that in Fig. 4C , suggesting that catalysis involves rate.;detennining trapping with weak aeids and hydrogen bonding with a Br-nsted slope a > 0 for stronger ae1ds.
These results support the conclusion that catalysis by faeilitated hydrogen bonding inereases in importanee as the intermediate beeomes less stable and k.J increases. The eoncentrattons of acetie acid needed to gfve a twofold increase in the observed rate are 2.6 M, 0.4 M and 0.001 M for the r:eaetions with methyl mereaptoaeetate, .2_-methoxythiophenol and pentafluoro.; thiophenol anions. Sinee no hydrogen-bonding eatalysfs can be observed with basie thiol antons (a < 0.1) andthe observed Brtlnsted slope fs 0.26 forpentafluorothioptlenol anion, it is ,also probable that there is a later. more basic transition state and larger Br,Snsted a with less basie thiols. .
We do not know at this time .~h~t pathway is followed after the transition state of the ratedetenl'lining step for hydrogen bond1ng eatalysis. Of the three pathways shown in, the reaction coordinate diagram of Fig.,, 5 the simplest is (a). in which the inmediate produet is T~·HA and.
proton transfer oeeurs in a subsequent. separate step. We know thatthe intennediate r-has a finite existenee with respect to expulsion of RS· for at ]east some thiols. but we do not know how fast a proton is transferred (possibly through a wate,r, molecule} from HA to r-so that it is not eertain that r-ean exist as a discrete intennediate. The other possible pathways are (b), which is similar to (a) except that it does not involve T-as an intermediate, and (c), which is a fully concerted reaction mechanism with an early transition state. · · Finally, we can ask what will be the mechanism of catalysis when the nucleophile is still weaker than pentafluorothiophenolate anion. Assuming that k-1 continues to increase as the nucleophile becomes less basic, a pointwill be reached at which the addition compoun~4r-1 ceases to exist as an intermediate with a significant lifetime when k_l approaches 10 s-, in the range of a vibration frequency. There are. experimental obstacles to the study of such weakly basic anions, but the free thiols, RSH, are extremely weak bases and exhibit general acid catalysis of their addition to acetaldehyde (1) . Although this reaction has not been studied in detail, the available data indicate that a is large. It is unlikely that the reaction involves equilibrium protonation of the carbonyl group and catalysis of proton removal from the attacking thiol (eq. 4, R = H) because no buffer catalysis is observed in the analogous reaction of thiol expulsion from a mixed acetal (eq 4, R = Me) (8) . It is -'+
1
A + HS + C=OR ~ AH + 5---c--QR R' / R' I (4) tempting to speculate that general acid catalysis of the addition of a free thiol represents concerted catalysis (path c, Fig. 5 ) which is enforced by the short lifetime, indeed the nonexistence of the initial addition "intermediate" +RSHCHR'O-. Other addition reactions of weak bases, such as· the addition of the nitrogen atom of urea (9,10) exhibit Br~nsted a coeff1cients near 0.5 and are also candidates for a concerted mechanism of catalysis that is enforced by the nonexistence of the addition compound that would be formed in the absence of proton transfer.
